Boundary-Layer Meteorology (2021) 180:407-433
https://doi.org/10.1007/5s10546-021-00637-x

RESEARCH ARTICLE

®

Check for
updates

Intermittent Surface Renewals and Methane Hotspots in
Natural Peatlands

Enrico Zorzetto!® - Olli Peltola? - Tiia Gronholm3 - Gabriel G. Katul*>

Received: 14 December 2020 / Accepted: 9 June 2021/ Published online: 4 July 2021
© The Author(s), under exclusive licence to Springer Nature B.V. 2021

Abstract

Peatlands account for a large fraction of global methane (CHy4) emissions. These environ-
ments exchange CHy4 with the atmosphere via three main mechanisms: diffusion through
the peat and water, plant-mediated diffusion, and sporadic release of CH4 bubbles. While
rapid advances have been made in measuring CH4 fluxes above peatlands on sub-daily time
scales, partitioning CH4 fluxes into ebullition and background diffusion remains a formidable
challenge. Such partitioning is becoming necessary for future projection of methane con-
centration as atmospheric, hydrologic, and edaphic drivers of these two types of methane
releases may differ significantly. Using surface renewal theory, a framework for partitioning
measured methane fluxes based on the mass transfer mechanism is introduced with the over-
all objective of characterizing the intermittency of CHy source and its strength at the ground.
This approach is tested using a large dataset of measured turbulent air velocity and multiple
scalar concentrations (including heat, water vapour, and carbon dioxide) for flow above a
boreal peatland in Finland. The transport efficiencies of different gas transfer mechanisms
are then evaluated for scalars characterized by background diffusion (e.g., water vapour) or
by intermittent sources (e.g., methane). Whether environmental variables such as water-table
levels and atmospheric conditions have a signature on the occurrence of CHy hotspots is
then investigated. Building upon the classical surface renewal theory, this work introduces
a novel approach for inferring the intermittent nature of scalar sources at the ground and
for exploring how non-homogeneity affects the efficiency of gas turbulent transport in the
atmospheric surface layer.
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1 Introduction

Methane (CH4) fluxes are emitted in many types of natural and managed ecosystems includ-
ing wetlands, peatlands, and rice fields (Bartlett and Harriss 1993; Aulakh 2001), but their
magnitude is highly variable (Byrne et al. 2004; Lai 2009; Hommeltenberg et al. 2014;
Knox et al. 2019). CH4 fluxes are conventionally measured using gas chambers positioned
at the ground surface (Bubier et al. 1993; Moore et al. 2011; Beetz et al. 2013) or by means
of micrometeorological methods such as the eddy-covariance technique (Rinne et al. 2007;
Herbstetal. 2011; Baldocchi et al. 2012; Hommeltenberg et al. 2014). The release of methane
from the ground occurs via three main mechanisms: molecular diffusion through the satu-
rated soil surface, diffusion through the aerenchymatous tissue in plants (Riutta et al. 2020),
and release of methane through bubbles (ebullition). The latter is by far the more variable
mechanism, as the gas bubbles are emitted sporadically and can lead to significant mass
transfer rates that are localized in time and in space.

Because of the co-occurrence of these different sources at the ground, the overall CHy
fluxes in these environments can exhibit a marked variability in space and time. This pecu-
liarity can produce significant difficulties in measuring CH4 exchange with conventional gas
chambers covering a small fraction of the ground area. Rapid advancements in gas analyzers
have been made over the past two decades, allowing for direct measurements of methane tur-
bulent fluxes above the ground using the eddy-covariance technique. These measurements are
able to resolve methane fluxes on a sub-hourly time scale over a sufficiently large ‘footprint’,
but on the other hand do not distinguish between ebullition, plant-mediated, and background
emissions. The spatially intermittent source characterizing CH4 fluxes has been observed to
lead to scalar concentration fluctuations that are much more ‘heavy-tailed’ than their carbon
dioxide (CO;), water vapour (H,O), or air temperature counterparts, even above ecosystems
that appear to be reasonably uniform (Peltola et al. 2013; Katul et al. 2018b). These differ-
ences in concentration statistics provide information relevant for partitioning measured CHy
fluxes into a background and an intermittent (hotspot) contribution, the goal here.

A partition methodology based on the wavelet transform was recently proposed (Iwata
et al. 2018) to partition CH4 fluxes based on the scalar similarity with a reference scalar
(water vapour). Here, a similar technique is employed to characterize the fraction of flux,
scalar variance, and footprint area that carry the signature of localized CHy4 hotspots. Then,
based on these quantities, the surface renewal theory (Higbie 1935; Danckwerts 1951) is
extended to characterize mass exchange for scalars such as CH4 that are characterized by an
intermittent source at the ground. The surface renewal theory has along history in atmospheric
sciences and has been applied to turbulent transfer of heat and water vapour (Brutsaert 1965,
1975; Clayson et al. 1996; Haghighi and Or 2013, 2015b, a; Katul and Liu 2017) assuming
that Kolmogorov size eddies dominate interfacial transport. However, prior models based on
continuous renewal of the surface are not directly applicable to characterizing CH4 emissions
originating from intermittent sources at the ground. In fact, as early as 1961, it was already
acknowledged that the presence of zero-contact times (no renewal) has a significant effect on
estimated fluxes, effect which can be larger than that of the specific probability distribution
used to model contact times (Perlmutter 1961).

It is precisely this intuition that is to be exploited here to model CHy interfacial mass
transfer. That is, parcels of air may be continually refreshed via ejections and sweeps, but
the absence of the ‘hotspot’ source may be viewed as a no-renewal time when compared
to other scalars such as HyO or CO». To be clear, the surface renewal method developed
here must be regarded as a pragmatic approach to partitioning measured CHy fluxes into
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their background component and the contribution from spatially intermittent hotspots. We
expect these hotspots to be statistically related to the occurrence of ebullition events, or
potentially to spatial variability in the distribution of plants and microbial activity. These
hypotheses are examined by relating the partitioned CH,4 fluxes to environmental variables
previously documented as controlling gas exchange (e.g., seasonality, atmospheric pressure,
and water-table-level changes). With imminent proliferation of methane eddy-covariance
flux measurements worldwide, the proposed surface renewal scheme can be complementary
to other measurement approaches and modelling efforts aimed at quantifying the magnitude
and intermittency of CHy fluxes across various ecosystems and environmental conditions.

The manuscript is organized as follows: in Sect. 2, key definitions and a brief review of
turbulent scalar exchange in the atmospheric surface layer are provided with a focus on the
conventional surface renewal theory and its limitations in describing fluxes of scalar quantities
characterized by intermittent and sparse sources or sinks at the ground. Section 3 describes
the experimental set-up and data used. Section 4 describes the partition scheme based on the
wavelet decomposition, which is employed for partitioning scalar fluxes and scalar variances
into contributions connected to background or hotspot fluxes respectively. This partitioning
assumes that ground sources of water vapour are reasonably uniform and not contaminated by
hotspots. Thus, water vapour offers a ‘satellite’ scalar for the quantification of background
statistics. Based on this partition, Sect. 5 introduces the surface renewal scheme used to
model scalar fluxes for the set-up here. The classic surface renewal is extended to describe
scalars such as CHy that are characterized by spatially and temporally inhomogeneous fluxes.
In Sect. 6, implications of the results are discussed with a focus on the frequency and the
transport efficiency of the methane hotspot fluxes, as well as an investigation of their potential
dependence on the aforementioned slowly evolving environmental variables.

2 Turbulent Mass Transfer and Surface Renewal Theory

The transport of momentum, heat, and other scalar quantities in the lower atmosphere is
primarily driven by turbulent eddies generated by the interplay between shear and buoy-
ancy forces (Wyngaard 2010; Stull 2012), traditionally described by Monin—Obukhov
similarity theory (MOST) (Monin and Obukhov 1954; Foken 2006). For stationary and
planar-homogeneous flow at high Reynolds numbers in the absence of mean subsidence and
mean pressure gradients, the mean momentum and continuity equations for any scalar ¢
reduce to

I A
du'w _o: dw’'c _o, 0
dz dz

with u and w the velocity components in the direction of the mean wind x and in the vertical
direction z, respectively. Here the overline represents averaging over coordinates of statistical
homogeneity (time in this case) and s’ denotes the instantaneous fluctuation from the mean of
a generic variable s, so that s’ = 0. Therefore, u'w’ is the net downward flux of momentum
to the ground, w’c’ the turbulent flux of any scalar with positive values signifying emissions
and negative values signifying uptake, and c is the scalar concentration representing either
CHy, H>O, CO3, or temperature 7. Integrating Eq. 1 with respect to z leads to the so-called
constant-flux assumption, meaning that turbulent fluxes measured at some reference height
z, above a surface represent the emissions or uptake at the surface (Foken and Nappo 2008;
Li et al. 2018).
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In general, eddy-covariance measurements of methane assume that measured turbulent
fluxes are constant with height but that MOST atmospheric stability corrections for methane
differ from their water vapour or carbon dioxide counterparts due to dissimilarities in sources
and sinks at the ground or entrainment from the free atmosphere. In the case of methane,
the source strength at the ground is statistically patchy whereas for water vapour or carbon
dioxide, the ground sources or sinks are comparatively uniform (or at least better blended).
Hence, the effective eddy diffusivity from MOST may differ among scalars because the same
air parcels making contact with the ground and subsequently ejecting continually exchanges
water vapour and carbon dioxide with the surface, but less so for methane in the absence of
ebullition. This assumption forms the basis of the extended surface renewal theory proposed
here, where the presence of source hotspots is linked to a breakdown in the continuous surface
renewal process.

Surface renewal theory has a long tradition in turbulence research and interfacial mass
transfer. It was first introduced in the mid 1930s (Higbie 1935) and has been extensively
applied to numerous interfacial mass and heat transfer problems (Danckwerts 1951; Hanratty
1956; Perlmutter 1961; Brutsaert 1965; Asher and Pankow 1991; Garbe et al. 2004). In its
original form, mass exchange is driven by a surface concentration ¢y and a background
atmospheric concentration of the same substance c,. The transport of any quantity ¢ (e.g.,
mass, or possibly other quantities such as heat and momentum) is carried out by the arrival of
elements of fresh fluid (i.e., turbulent eddies characterized by the background concentration
¢q) to the surface, where the contact with the surface concentration ¢, triggers unsteady
molecular diffusion of the substance (or property) c. The conditions imposed on this transient
diffusionare c = ¢, atz > 0,¢t = 0; ¢ = ¢, for large z and t > 0; and ¢ = ¢5 at z = 0,
t > 0. Solving this diffusion problem for a scalar with molecular diffusivity D,, yields the
following expression for the instantaneous mass flux for a surface element characterized by
age t (Danckwerts 1951; Brutsaert 1965; Horvath and Chatterjee 2018)

dc Dy,
F(t) = Dy, (—) = Acy/ —. 2)
0z 7=0 Tt

where Ac = ¢y — ¢,. After a certain residence time, each fluid element is ejected from the
surface and immediately replaced by a fresh element with background concentration. This
idealized model assumes that (i) only molecular diffusion into the air parcel in contact with the
surface is allowed, (ii) the freshly renewed surface is characterized by a scalar concentration
equal to the background concentration, and (iii) the time scales of sweep and ejection of the
fluid parcel are small compared to the residence times of the parcel at the surface.

The distribution of contact times ¢ on the surface depends on the characteristics of the
flow. In the original Higbie model (Higbie 1935), each fluid parcel had the same residence
time 7. The opposite situation is that studied by Danckwerts, in which the surface renewal is
completely random (i.e., the renewal rate does not depend on eddy age). This assumption has
been shown to lead to an exponential distribution of surface ages p(t) = (1/b) exp (—1/b),
where 1/b is a surface renewal rate and p(t) is the probability density function (p.d.f.) of t
(Danckwerts 1951). The following expression for the overall flux can now be derived based
on an exponential p(t)

F—/OOF()()d —A/w,/&l (id—A,/% 3)
m= fy DIOPWAT =N Ty P b)t_ Vb

Other functional forms have been considered for the distribution of surface ages p(7),
including gamma (Harriott 1962; Bullin and Dukler 1972) (that would arise in the case in
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which younger surface eddies are less likely to be renewed when compared with the Danck-
werts exponential distribution) and lognormal (Garbe et al. 2002), which is consistent with
turbulence theories with internal intermittency in the turbulence kinetic energy dissipation
rate accommodated. Several studies pointed out that the exact functional form of p(7) is not
important provided that its mean value is correct (Perlmutter 1961; Koppel et al. 1966; Seo
and Lee 1988; Katul and Liu 2017) though others dispute this claim for water surfaces where
local vertical advection can be large (Kermani and Shen 2009). To be clear, water surfaces
do not admit a ‘no-slip’ condition, meaning that water velocity is finite (non-zero) at the
air—water interface. This is not the case for the surfaces studied here, characterized by zero
velocity at the interface.

In the micro surface renewal model used here, the residence times at the surface are of
the order of the Kolmogorov time scale (Brutsaert 1965, 1975; Katul and Liu 2017; Katul
et al. 2019). Surface renewal theory has also been applied to sensible heat flux assuming that
large-scale coherent structures (often referred to as temperature ramps or ramp-cliff patterns
(Antonia et al. 1979; Warhaft 2000; Zorzetto et al. 2018) dominate the scalar transfer (Qiu
et al. 1995; Katul et al. 1996; Spano et al. 1997). A large-eddy model was also proposed
to address the case of small Reynolds numbers, in which case scales much larger than the
Kolmogorov microscale can be the primary contributors to the mass or heat transfer at the
surface (Fortescue and Pearson 1967; Lamont and Scott 1970; Theofanous et al. 1976; Komori
et al. 1990; Katul et al. 2018a).

Surface renewal theory has also been applied to the flux of momentum, with promising
results reported from channel-flow experiments (Hanratty 1956; Thomson and Silver 1972;
Musschenga et al. 1992). In the case of momentum, the role of the pressure term complicates
the picture of the renewal processes when compared with passive scalar quantities, where
molecular diffusion dominates the smallest scales of the flow. However, common to all these
studies is the assumption that the renewal process at the surface is continuous. After presenting
the experimental set-up (Sect. 3) and discussing the wavelet partitioning scheme (Sect. 4), in
Sect. 5 this approach is generalized to the case of intermittent source at the ground, so as to
tailor it to the case of CHy fluxes over peatlands.

3 Experiment

A published dataset (Katul et al. 2018b) collected at Siikaneva, a boreal wetland located
in southern Finland, is analyzed. Briefly, velocity components and virtual temperature fluc-
tuations were measured by an ultra-sonic anemometer. Two independent closed-path gas
analyzers (LI-7000, LI-COR Biosciences, Lincoln, NE, USA; FMA, Los Gatos Research,
USA) were used to measure HO, CO,, and CH4 concentrations, respectively. The analyzers
sampled air just below the sonic anemometer (vertical separation 0.2 m) and shared a main
inlet line. Measured concentrations for all gases were corrected to be relative to dry air.

All quantities were sampled at a frequency f; = 10 Hz and stored in 30-min records
with each 30-min record termed as a run. A total of 4416 runs were recorded between 1
June 2013 and 31 August 2013, of which 3743 passed standard quality checks with a length
of at least 2'* sample points. Measurements were carried out at a height z, = 2.8 m from
the surface. We focus on data from a specific wind sector (from 230 to 270 degrees, i.e.,
primarily the south-west direction wind direction, conditions met by 643 runs out of 3743)
to avoid wind sectors in which nearby forested areas could be part of the footprint and
possibly contaminate the signal from the peatland. In the wind sector used here, the terrain
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Fig. 1 Location of the experimental set-up site (Siikaneva I) in the Siikaneva fen in southern Finland. The
image was obtained from the National Land Survey of Finland (2018)

is a reasonably homogeneous Boreal fen for several hundreds of metres. The locations of the
tower and land cover are shown in Fig. 1.

For each run, the turbulent time series were despiked following the method proposed
by Brock (1986), and recommended by Starkenburg et al. (2016). For CH4, an additional
check was performed: Any remaining fluctuations exceeding 60 standard deviations were
removed and set equal to the median of the series. Coordinates were double-rotated such
that u equals the average longitudinal velocity, with v = 0 and w = 0. A cross correlation
analysis between w and scalar concentration was used to compute and correct the lag in
the gas concentration time series. A stationarity check (Foken and Wichura 1996) was then
applied to the fluxes of momentum u’w’, temperature w’T’, and water vapour w’c’, with ¢/
here denoting the fluctuations of the scalar HyO. Some 2240 runs passed this test for all three
quantities and with at least N = 2'# data points.

The stationarity check was not applied to the CH4 concentration time series since the
objective is precisely the characterization of CHy4 fluxes possibly connected with short term
localized emission events. Additionally, the runs in the dataset were filtered by requiring a

minimum turbulence mixing (u, = v —w'w > 0.2ms™ "), acondition met by 1966 runs. We
also required that the H>O flux be upward (w’c’g,0 > 0) so as to avoid runs characterized
by condensation, and that the H, O turbulent concentration approximately follows the MOST
variance—flux relation so as to avoid runs characterized by non-local effects and entrainment
from the top of the atmospheric boundary layer as done in Iwata et al. (2018) and others
for surface and roughness sublayer studies (Cava et al. 2008) or heat advection above lakes
(Assouline et al. 2008). Out of 3743 runs, 1925 met this condition. These conditions of H,O
were prompted by the fact that water vapour is to be used as a reference scalar to partition the
CHy4 signal based on the gas exchange mechanism, as discussed in Sect. 4. After applying
these filters, a total of 274 30-min runs were included in the subsequent analyses.
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4 Partitioning Methane Fluxes Using Concentration Measurements

Recent attention has been devoted to determining scalar fluxes originating from short tur-
bulent events (Schaller et al. 2017) and to the partitioning of CH4 fluxes connected with
ebullition using wavelet transforms (Iwata et al. 2018; Schaller et al. 2019). Building upon
these previous studies, the CHy time series is first analyzed in the wavelet domain with the
objective of partitioning turbulent fluxes into their background (B) and hotspot (H) compo-
nents. This partition will be used to calibrate the intermittent surface renewal (ISR) model
when using another scalar to infer B. As recommended elsewhere (Iwata et al. 2018), we use
water vapour as a reference scalar and explore scalar similarity in the Haar wavelet domain.
Let ¢ denote the concentration of the scalar of interest (e.g., methane here) and r the concen-
tration of the reference scalar (H>O). If scalar similarity holds (Hill 1989), then the two scalar
time series should be perfectly correlated and the wavelet coefficients of the normalized time
series ¢, = ¢’ /o, and r, = 1’ /o, should also be equal (with 02 = ¢’2, 0> = r2).

To localize CH4 hotspot events both in the time and frequency domains, orthonormal
wavelet transforms (Mallat 1989) are used. The scalar series are decomposed using the Haar
wavelet basis, which has been widely applied to the study of turbulent flows (Meneveau
1991; Katul et al. 1994; Scanlon and Albertson 2001). The use of an orthonormal basis here
is preferred because it does not introduce spurious information in the transformed series,
and thus the scale-wise dependence between the two scalar time series is preserved by the
transform (Katul et al. 1994; Kumar and Foufoula-Georgiou 1997). The Haar basis functions
are of the form ™ (x) = 27"/ O ((x — 2™i)/2™) with i, m € Z the position and scale
indices defining dilated and translated version of the Haar mother wavelet 1//(0) (x), defined
as

1 if0<x<1/2
vOw ={-1 if1/2<x<1. )
0  otherwise

The wavelet coefficients WT;m) [i] can be computed by iteratively coarse-graining the
generic series f(¢) as shown elsewhere (Katul et al. 1994)

+00
wr = [ rovma-iar )

In the wavelet domain, the flux of a scalar quantity ¢ can be computed from its concentration
measurement time series and vertical velocity as

M 2M—m

— 1

Fe=wc/=— YO WIWEIw T, (©6)
m=1 i=1

while the variance of the scalar can be obtained as

M 2M—m

02 = = % >3 (WTJ’”)[i])Z. (7

m=1 i=1

For each N observations per unit averaging interval (N = 2! = 16384 data points per
averaging period), the original series can be described from N — 1 wavelet coefficients
W T [i] (and the remaining coarse-grained series for wavelets with support longer than the
Haar wavelet).
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As also done by Iwata et al. (2018) to exploit the similarity between the scalar of interest
and the reference scalar, both series are filtered thereby excluding from the analysis small
scales within the inertial subrange and large scales for which (i) scalar similarity does not
necessarily hold, and (ii) the poor time localization of the wavelet decomposition at the lowest
frequencies may not provide sufficient information. Additionally, at small scales well within
the inertial subrange, gas concentrations are characterized by the weakest signal-to-noise
ratios (Peltola et al. 2014). Therefore, we focus our attention on the range of scales between
0.5 T, and 200 T,,,, where T;, is the integral time scale of the vertical velocity fluctuation
w’. For each run, T,, was computed by integrating the autocorrelation function of the w’
series up to the first zero-crossing. This range of scales explains most of the variances and
covariances for both CH4 and H,O. We define §; (m) as the indicator function selecting this
range of scales (i.e., s (m) = 1if 0.5 < 2"/ (f;T,,) < 200, and 85 (m) = O otherwise).

To quantify the distance between the coefficients WTC(’") [i] and the corresponding
reference scalar coefficients WT,(m) [i], the slope and intercept of the linear relation
WT [i] Joe = awWT, ™ [i] /0, + Pu are first determined. The o, and B, quantities
are computed using a Huber regressor algorithm, which is particularly robust to the presence
of outliers. The absolute differences AW T ™[i] = |WT. ™ [i1/0c — oty WT, "™ [i1/0+ — Bu|
between the wavelet coefficients of the two scalars ¢(¢) and r(¢) are then determined, and
their standard deviation evaluated over the range of scales for which &;(m) = 1

-\ 12
Ser = ((AWT(’”)[i] - AWT(m)[i]) ) . )

As expected, X, tends to decrease for increasing values of the correlation R, between the
two scalars as shown in Fig. 2a for c = CH4 and r = H>O. In the case of perfect scalar sim-
ilarity, the correlation between the two scalars should be R, = 1 and this difference should
approach zero. Moreover, Fig. 2b shows that runs with larger X, are also characterized by
CHy4 traces having a larger scalar skewness compared to their H,O counterpart, as previously

noted by Katul et al. (2018b). Here, the joint moments are defined as M;; = clw/ /aj o) with
oc, 0y the root-mean-squared (r.m.s.) fluctuations of ¢ and w, so that the skewness of the
scalar ¢ is M3¢. In the presence of identical sources at the ground, this should not be the case,
as noted by Hill (1989). This observation will be used to partition hotspot and background
CHy4 coefficients.

For this purpose, we select a value of 2., that is representative of the variability between
the two time series that one would experience in the absence of differences in the sources
or sinks at the ground. In the dataset here, this limiting standard deviation value is taken
to be f),c = 0.3. As shown in Fig. 2, this threshold corresponds to runs characterized by
R, closest to unity with CH4 and H>O exhibiting a comparable skewness. As done in
Iwata et al. (2018), a threshold of Sirc was adopted to determine whether or not any given
CHy4 wavelet coefficient WTC(m)[i ] carries signature of localized hotspots. This partition
was applied with this hard threshold to all the runs. For each run, the subset of the scale-
time wavelet domain characterized by values of AWT[] < 3fcr is characterized by
a homogeneous ground source for the two scalar. Conversely, the condition for detecting
hotspots is given by AWT ™[] > 3% To perform this partitioniong, we denote with
8x (i, m) the indicator function that selects hotspot events only (x = h: 8;(i, m) = 1 when
AWT[[] > 3f)rc, else 8, (i, m) = 0) or background events only (x = b: §,(i,m) = 0
when AWT ™[] > 35),6, else 8,(i,m) = 1)
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The fraction AT of time in which attached eddies identify localized hotspots is then
obtained by first back-transforming the filtered series of wavelet coefficients to the time
domain, using only the non-zero coefficients for the hotspot and background series respec-
tively as selected by the indicators 8, (i, m) and §; (m)

M 2M-m

(=D WYim () W [i185 (m) 8, (i, m). ©)

m=1 i=1

After partitioning the signal in the wavelet domain, in a second step CHy4 hotspots are indi-
viduated in the time domain by imposing the condition that the local power of the partitioned
hotspot wavelet coefficients is sufficiently larger than the background variance. The fraction of

time in which hotspots are active is obtained by the condition that (¢, — median (c;,))2 > cl%,
i.e., whenever the squared fluctuations from the median of the hotspot concentration com-
ponent (cp,) are larger than the variance of the background time series ¢;,. Note that with this
definition we are separating intervals in which only a background flux occurs from intervals
(labelled hotspot) in which the hotspot component is predominant. The fraction of time in
which this occurs is denoted A™, corresponding to the fraction of source area where integral-
scale eddies carry the signature of hotspots at any given instant in time on average. Conversely,
when this condition is not met (fraction 1 — A* of the source area) only a background flux
occurs. Based on this partition of the original time series, we compute the hotspot (x = h)
and background (x = b) contributions to the overall scalar variance and flux. The fractions
of total flux and total variance of each component are

Ll
== Y (D' (D)8x (@)

i=1

fa= (10)

w'c
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and

R

N2 .

vl = =N Zc;(o 811 (i), (11)
c i=1

where 6; (i) = 1 if the ith observation has been classified as hotspot (x = /) or background

(x =b), and 6, (i) = O otherwise. As anticipated, the active fractional area of the footprint

1S
1N
AT == §,0). 12
Ni:ZIf,m) (12)

To test this partition methodology, the moments of the joint distribution of the scalar and
vertical velocity fluctuations are computed. This is done both for the original time series
and separately for the run intervals labelled as CH4 background and hotspots respectively.
Previous studies have shown that 4th order cumulant expansions suffice to explain the joint
PDFs of CH4 and w (Katul et al. 2018b). Therefore, the focus is on moments M;; up to the
4th order. To characterize the statistical properties of the hotspot or background components
of any scalar concentration, a partial mixed moments can be defined (for either x = h, b) as

1 1Y

X —_— e —
i
crw k=1

(¢ ®)" (w'®))” 8.x (k). (13)

While the partition method only uses values of the scalar wavelet coefficients, this test
includes the interaction of the scalar with the vertical velocity fluctuations. Overall, this check
shows that the background component moments are closer to the 1:1 line compared to the
original time CHy series, and in particular the imbalance in the scalar skewness M3( appears
reduced (Fig. 3). Note that in Fig. 3 the CH4 background component is compared to H,O
moments computed by conditioning on the same background-only times, following Eq. 13.
This conditioning is necessary to compare moments for the two concentration time series
conditional to the same vertical velocity values.

An additional check can be performed by considering the transport efficiency er, which
quantifies the ratio between direct and indirect flux as evaluated through quadrant analysis.
Here, e is evaluated in the time domain for hotspot and background CH4 components as
er = 1 —|Fina /fdir| where F;,q and F g, are the covariances evaluated by including
in the sum only indirect (in the case of CH4, downward, i.e., inner and outer interactions
only) or direct (upward, i.e., sweeps and ejections only) contributions to the flux respectively
(Katul et al. 2018b). As done in the case of the mixed moments, we compare e7 for the CHy
background component with its HyO counterpart evaluated over the same time intervals. The
CHy4 fluxes are characterized by a larger ey when compared to other scalars (Fig. 4a), and this
behaviour may be connected to the signature of localized hotspots leading to an alignment
between large w’ and ¢’.

In the case of CO», er appears lower than its HyO counterpart. Again, this behaviour may
be the direct effect of the inhomogeneity of the spatial distribution of CO, sources and sinks
at the ground. The relatively inefficient CO;, flux could originate from areas characterized
by less dense vegetation, or from the interplay of photosynthethic activity (net sink) with
the emission of bubbles also containing CO, from the peat, which would produce localized
contributions of the opposite sign. As shown in Fig. 4a, er exhibits a clear dependence on the
atmospheric stability as quantified by the MOST stability parameter (¢). Overall, er tends
to be larger for CH4 when compared to H,O regardless of ¢.
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Fig.3 Comparison of moments of the joint distribution of scalar quantities and vertical velocity, for both the
original CH4 and H, O time series (blue data points) and the corresponding background-only values (red data
points) for each run included in the analysis. The 1:1 relation is indicated by the black lines

However, when separately examining background and hotspot components, er appears
lower for the former, and more in line with the corresponding e values observed for H>O, as
shown in Fig. 4b. Even though the partition methodology used here only employs information
on the scalar concentrations, its results appear consistent even when considering the interac-
tion with the vertical velocity fluctuations, and in particular the scalar transport efficiency er.
Based on these observations, an extension of surface renewal theory is now introduced for
characterizing the intermittent nature of CH,4 fluxes. The extension is based on the quantities
Uy, fx,and AT obtained through the wavelet partition performed here.

5 A Surface Renewal Approach for Continuous and Intermittent Scalar
Sources

The classical surface renewal approach assumes a homogeneous scalar source at the ground,
as may be the case for H>O (at least when compared to the remaining scalars). The turbulent
transport can be adequately described by an surface renewal scheme in which turbulent eddies
are continuously touching the ground and are randomly renewed so that the distribution of
residence times in contact with the ground is exponential (Danckwerts 1951). In conventional
surface renewal theories, the mean residence time is of the order of the Kolmogorov time
scale so that b = 1, = (v/e)]/ % where v is the kinematic viscosity of air and € is the
mean turbulence kinetic energy (TKE) dissipation rate. For a stationary, planar-homogeneous
flow in the absence of subsidence and upon neglecting turbulent transport and pressure
redistribution terms (Katul et al. 2011), the TKE budget is given as
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e= g, )+ 2T (14)
T kez T, ’

with k, the von Karman constant, ¢,, the MOST correction function that varies with ¢
(Foken and Nappo 2008; Stull 2012), g = 9.8 m s~ 2 is the acceleration due to gravity and
T, the mean air temperature. The two terms on the right hand side of Eq. 14 correspond
to mechanical production and buoyancy production (or destruction, depending on the sign
of the Obukhov length L,,,) of TKE. Atmospheric surface layer flows over peatlands are
characterized by high Re, = z,u,/v and a dynamically rough surface (i.e., zo is independent
of Re,). Therefore, ¢ was computed by evaluating the balance in Eq. 14 at a distance from
the ground & = 7.5z9 (Brutsaert 2013), with zo computed from the mean velocity profile
as zo = zre KU/tx where U is the mean longitudinal velocity measured at a distance z,
from the ground (z, = 2.8 m in the experimental set-up here). The flux terms u, and w'T’
are evaluated at z = z, and are assumed constant with height. The sign of the flux is not
predicted by the surface renewal model. Therefore, the skewness of the flux time series, its
time directionality properties (Zorzetto et al. 2018), or simply the sign of the eddy-correlation
flux (when this information is available) can be used.

Here, the analysis is restricted to the case of positive (i.e., upward) fluxes (HoO and CHy).
When comparing results with ¢ = T or ¢ = CO; time series, the sign of w’c’ will be
used. In field studies of methane, the source strength at the ground Ac is not usually known.
Here, we estimate Ac as a function of the energy and skewness of the scalar fluctuations as

Ac = kgoMag o = kol (14 |M30,c|'/?), where M3 . is the skewness of the scalar time
series, and ac(l) the square root of the spectral energy density of the scalar ¢ integrated over a
range of scales around the integral time scale Ty, (here set to the range of scales between 0.5
Ty and 5 Ty, due to the limited frequency localization of the Haar decomposition). We found
by comparison with eddy-covariance fluxes that the proportionality constant kg, =~ 4 and
this value applies for all scalar quantities examined. Based on previous results obtained for
temperature, the quantity ksrac(l) may be interpreted as a difference between the maximum
and minimum concentration fluctuations expected in a run (Frisch and Businger 1973; Katul
et al. 1996), as driven by the difference between the source at the ground and background
concentrations. Since the scalar variance varies with u,, the correction factor a,  accounts
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Table 1 Values used for the

; -4 21 _
molecular diffusivity Dy; and Quantity D (1077 m?s™7) Se (=)
Schmidt number S¢ = v/ D, for

. . u 0.151 -
the scalar quantities of interest
0.212 0.71
H,O 0.24 0.59
CO, 0.157 0.96
CHy 0.222 0.68

for the possible asymmetry in the scalar time series, which is a statistical quantity expected
to retain information on the injection of scalar variance in a turbulent flow (Warhaft 2000;
Zorzetto et al. 2018). With these assumptions, the following expression for scalar fluxes can
be derived, as done in Eq. 3

L (15)
Ac ksrac(l)asr,c Ty

where v, is a gas transfer velocity and Sc = v/D,, is the molecular Schmidt number. The
v emerging from this analysis is, as expected, consistent with the micro-eddy model given
by vg o [Sc™12(ve)!/4] (Katul et al. 2018a), where (ve)!/# is the Kolmogorov velocity
scale. The v, ~ Sc™1/2 has received wide support from experiments and direct numerical
simulations in the limit of high Sc (Takagaki et al. 2016). The D,, used here for different
scalar quantities are reported in Table 1 for convenience. Unlike water, diffusion of scalars
in the atmosphere leads to an Sc close to unity and is suggestive that Sc adjustments to v,
are not as crucial for the scalars of interest here.

The surface renewal scheme proposed was then applied to different scalars (methane, water
vapour, temperature) and to the longitudinal component of the velocity vector to further test
the robustness of the approach, using the values of Sc given in Table 1 and € estimated from
Eq. 14. Figure 5 shows a comparison of this surface renewal scheme with eddy-covariance
flux estimates for all 4 quantities. The method, after calibration of a single constant kg,- (which
is the same for each scalar and constant across all runs) appears to reasonably reproduce all
scalars, and surprisingly momentum fluxes (as noted in prior studies by Hanratty (1956)).
Note however that the surface renewal is not fully prognostic when applied to momentum,
since u, is needed in the TKE budget to evaluate the Kolmogorov time scale. For CHy surface
renewal and eddy-covariance flux estimates exhibit a larger scatter, and the presence of some
very large outliers hints at the possible differences in ground sources when compared to the
other scalars, which will be examined next.

5.1 Extension to Intermittent Surface Renewals

Since the complete surface renewal theory requires the description of small-scale quantities at
the Kolmorogov scale and their spatial distribution, it is not feasible to reconstruct them using
conventional eddy-covariance measurements. The current eddy-covariance measurements
simply do not resolve such fine scales due to instrument separation and volume-averaging.
To progress on an surface renewal theory that is mindful of such instrument limitations, a
simplified intermittent model that will be based on surface renewal micro-eddy model (i.e.,
the bottleneck in the transport is dominated by Kolmogorov-scale eddies in the vicinity of
the surface) while the intermittency of the process is described at the integral scale — i.e.,
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Fig.5 Comparison between eddy-covariance (EC) and surface renewal (SR) fluxes for methane, sensible and
latent heat fluxes, and (kinematic) momentum flux. Note that a logarithmic scale is used in panels a and b. In
all panels, the 1 : 1 line is reported as reference

at the scales of eddies touching the ground, which may carry, or not, the signature of one
or more CH4 hotspots events. Therefore, the integral time scale of the measurements is
associated with the smallest scale at which hotspot events can be detected, which therefore
scales with the measurement height z,. Given this separation of scales relevant for the overall
scalar fluxes, the large-scale depiction of the intermittent source does not directly impact the
shape of the distribution of eddy ages at the ground, and thus the scaling of the fluxes with
Re,. As is the case for the surface renewal micro-eddy model, both hotspot and background
diffusive fluxes should scale as Sc~ /2 Re, 1/ 4. However, since the relative contributions of
the two mechanisms is expected to change with environmental conditions, the overall flux
may diverge from the Re, 174 scaling as anticipated from the larger scatter for CHy flux
estimates when compared to other scalars (Fig. 5).

In this formulation, the overall flux is givenby F = (1—AT)F,+(AT) F}, i.e.,isa weighted
average of an hotspot flux F;, and a background flux Fj, each weighted by the respective
fractional contributing area of the footprint. Each of these two components has expression
of the type derived in Eq. 15, but the two mass transfers are driven by different source
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which carry the integrated signature of the patchy CHy source at the ground

strengths denoted as Acp, or Acy, for the background and hotspot components respectively.
Since the source strength is proportional to the square root of the scalar energy (over a
given range of scales around T,), we have that Ac, = klyrasr.balgl)/\/l — At and Acy, =
ksra”,hafil)/\/Aj, taking algl) = v;r . Uc(l) and 0;51) = v;lL . oc(l). Analogous to ag ¢,
the quantities a,, 5 and ay, p are evaluated for the two components using the skewness of
the hotspot and background components alone as obtained following the wavelet partitioning
scheme discussed in Sect. 4. Here, &y, has the same value determined for the non-intermittent
surface renewal approach, and again assumes a constant value across different runs and
different scalars. Therefore, the overall flux can be expressed as

+

_ v, a D

Fe (VIm AT+ VAT 25 ) a0 |22, (16)
p Usr, n

where AT is the average fractional area characterized by integral-scale eddies carrying the
signature of CHy hotspots. These quantities (AT, Acy, and Acy) are all large-scale quantities
and do not correspond to the Kolmogorov-scale quantities governing the mass exchange at
the interface, but rather are linked to their integral-scale effect as captured by the scalar
concentration measurement time series. For a schematic representation of the ISR scheme
featuring the range of scales involved, see Fig. 6.

Scalar fluxes over a rough surface for near neutral atmospheric conditions as described by
amicro-eddy type model (Brutsaert 1975) can be expressed in term of a dimensionless Dalton
number Da = F/(usAc) as Da = Sc~™'?Re,, 174, Similarly, a dimensionless expression
for the ISR fluxes can be derived here as

Day = (V1= A + VATE?) s 2Re M, (17)

where two additional dimensionless numbers are now required describing the interplay of
diffusive and hotspot contributions to the overall CHy4 fluxes. Again, the number A™ repre-
sents the average fraction of area (or time) characterized by hotspot source (at the integral
time scale); ET = (agr.p v;[) / (v;ras,,b) represents the relative strength of hotspot sources
at the ground with respect to the concentration gradient driving the diffusion process, and
Dayp = F/(uiAcp).
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Fig. 7 Surface renewal estimates for the hotspot (red, panel a) and background (cyan, panel b) components
of CH4 compared with the overall CHy flux (black circles in the background). Surface renewal (SR) fluxes
are compared with the corresponding wavelet—eddy-covariance fluxes (EC) partitioned through the wavelet
scheme described in Sect. 4. The 1 : 1 line is reported as reference

The results of the CHy flux wavelet partition and its comparison with the (intermittent)
surface renewal fluxes are reported in Fig. 7. The overall CHy fluxes exhibit a larger scat-
ter when compared with H>O, suggesting that the transport efficiency is more variable as
determined by the interplay of hotspot and background fluxes. Comparing the hotspot and
background components to the fluxes with their counterpart obtained through the wavelet
partition scheme described in Sect. 4, again we can see that a micro-model type surface
renewal scheme is appropriate for each component separately even though a larger scatter
is present for the hotspot flux, which is responsible for the run-to-run variability observed
for the overall CHy flux. In particular, the largest outliers observed for the overall flux are
predominantly characterized by hotspot-type fluxes, as captured both by the wavelet partition
scheme and the ISR-estimated flux.

6 Discussion

6.1 Transport Efficiency and Interpretation of Intermittent Surface Renewals
Parameters

The gas transfer velocity and transport efficiency of the different gas transfer mechanisms are
now considered. Generally, transport efficiency can be computed from eddy-covariance flux
estimates as w’c’ /o, /oy, and is related to the asymmetry in the ¢’, w’ components by quadrant
analysis (through the quantity er analyzed in Sect. 4), or through the slope § in the relaxed
eddy accumulation method (Businger and Oncley 1990; Baker et al. 1992; Pattey et al. 1993).
Transport efficiencies and gas transfer velocities (w’c’/o.) are reported in Fig. 8, panels (a)
and (b) respectively. Based on the wavelet partition scheme, the gas transfer velocities for

hotspot and background CH4 components can be computed as (AT Fj,)/(,/ v;l"/ Ato.) and
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Fig.8 Upper panels: eddy-covariance-estimated transport efficiency (a) and gas transfer velocity (b) for H,O
(blue), CH4 (green) and its hotspot (red) and background (cyan) flux components as a function of u, obtained
through the wavelet partition of the total CHy flux. For each component, each data point corresponds to
a different 30-min run in our dataset. Lower Panels: surface-renewal-estimated transport efficiency (¢) and
gas transfer velocity (d) for H,O (blue), CHy (green) and its hotspot H (red) and background B (cyan) flux
components as a function of u. For each component, each data point corresponds to a different 30-min run
in our dataset. The black lines show the 3/4 slope expected from the surface renewal scaling

((1 — A+) Fp)/(/ vzr / (1 — A+)ac) respectively, where vb+ and v;lL are the dimensionless
fractions of background and hotspot concentration standard deviation, respectively. From
this analysis, the hotspot component tends to have a larger transport efficiency compared to
the background, as foreshadowed by the difference between HoO and CHy in the moments
of the joint p.d.f. of (¢ and w’). However, the overall dependence on u, appears consistent
between hotspot and background components, thus supporting the structure of the surface
renewal model used here, where both components of the flux are assumed to scale with
ui/ 4. As shown in Fig. 8b, for both components the gas transfer velocity exhibits the same
dependence on u..
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A similar result is obtained from the analysis of surface renewal fluxes (Fig. 8, panels ¢
and d). In this case, the gas transfer velocity is estimated dividing the surface renewal flux
by the standard deviation of the scalar. Surface renewal estimates appear to satisfactorily
reproduce CHy4 gas transfer velocities and, as in the case of eddy covariance, assigns a larger
transport efficiency to the CHy intermittent component. Note that a discrepancy exists for
the runs characterized by a very intense intermittent flux, for which surface renewal predicts
a larger gas transfer velocity when compared to eddy-covariance estimates. This can also be
seen by directly comparing surface renewal and eddy-covariance gas transfer velocity values
as reported in Fig. 9, and is an effect of the large values of scalar skewness characterizing
the runs with intense CH4 hotspot events.

6.2 Effects of Intermittent Sources on CH; and CO, Scalar Concentrations

To elaborate on the effects of the intermittent CHy fluxes, and the results of the wavelet
partition procedure, we focus our attention on a single run. We choose one of the most
extreme runs in the dataset, recorded on 9 July 2013 at 1330 LT (local time = UTC + 3h),
which is a day characterized by an exceptionally intense CHy flux, and for which the partition
scheme identifies multiple source hotspots. For this run, the CHy time series is particularly
asymmetric with several extreme values of the order of 10 standard deviations (Fig. 10)
while the water vapour series exhibits ordinary statistical properties. As a consequence,
the wavelet partition clearly classifies most of these large events as intermittent (Fig. 10c).
Given the intensity of these concentration fluctuations, particular attention should be used
when despiking the raw observations. However, we note that even the most intense CHy
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fluctuations observed in this run exhibit temporal coherence and were not removed by our
preprocessing (Brock 1986).

Interestingly, CO;, concentrations exhibit some positive concentration fluctuations that
appear synchronous with their CHy counterparts. However, these CO, events are much less
energetic when normalized by the variance of their respective series. This finding is consistent
with the presence of localized ebullition events, with bubbles containing not only CH4 but
also CO,. Gas chamber measurements indeed suggest that bubbles may be largely composed
of methane, and partially filled with other gases such as N or CO» (e.g., Ménnisto et al.
2019). If this is the case, the relative weakness of CO, bubble-related signal can be explained
by considering the atmospheric mixing ratio of these two gases. The ratio between bubble
CHy concentration (= 0.4, based on Minnisto et al. 2019) and CH4 concentration in air
(= 2 x 107%) is three orders of magnitude larger when compared to the ratio between bubble
CO, (= 0.03, based on Minnistd et al. 2019) and air CO, concentration (= 4 x 10™%).
Hence, the occurrence of ebullition would determine spikes in CHy4 concentrations that are
significantly more intense and easily detected compared to their CO, counterparts.

Moreover, these considerations may be used to explain the initial findings that CO; trans-
port efficiency is lower than H,O, a behaviour opposite to what was observed for CHy
(Fig. 4a). In the case of CHy, the occurrence of ebullition determines an increased transport
efficiency with the most intense build-up in methane concentration being transported in few
intense ejection events. These events significantly add to the already positive background
diffusive flux. However, during daytime (which is the case for most of the runs analyzed
here) the overall CO, flux is downward due to photosynthetic activity. However, the sporadic
release of CO»-containing bubbles determines an inflated fraction of positive CO; ejection
and thus an overall reduced ey for the total downward flux.

The effect of intermittent scalar sources on transport efficiency can also be appreciated in
Fig. 11, where quadrant plots of vertical velocity w’ and scalar concentration fluctuations ¢’
are reported for the same run. For CHy, and to a lesser extent for CO,, high-magnitude scalar
fluctuations preferably occur during ejection events. Note that for CO,, for which w’c¢’ < 0,
these events act against the average scalar gradient and therefore act to reduce the overall
transport efficiency. The opposite is the case for CHy4, with an increased overall transport
efficiency compared to that of the reference scalar (H,O).

This behaviour can also be seen in Fig. 12, where the daily cycle of scalar fluxes is
shown as estimated by either eddy-covariance or non-intermittent surface renewal theory.
Methane fluxes do not show any clear diurnal variability and are dominated by the few
already noted highly intermittent runs. On the other hand, H,O, CO; and sensible heat fluxes
exhibit diurnal variability as expected. However, it is interesting to note that if one focuses on
surface renewal estimates and on the few runs supposedly characterized by intense ebullition,
a large discrepancy can be observed between eddy-covariance and surface renewal fluxes for
CO;. This finding again supports the picture regarding intermittent CO, flux, which again
would require an ISR model to be described as done for CHy. In particular, it is the skewness
term used in approximating Ac that produces this behavior. This behaviour thus suggests the
possibility to observe runs in which the ground is overall a CO» sink but the CO, skewness
is positive due to the effect of localized ejections.

An ISR scheme analogous to that developed for CH4 here could describe this behaviour
after partitioning the time series in its background (downward) and intermittent (with a
possible upward) CO; flux components. The results of such an ISR model applied to CO,
fluxes are shown in Fig. 13. The results are overall consistent with the eddy-covariance
results, and the hotspot fraction of the flux is generally lower than in the case of CHy. In
some cases the sign of hotspots and backround fluxes differs. As already seen in Fig. 10,
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Fig. 10 Example of run made on 9 July 2013 1330 LT (local time = UTC + 3h), characterized by very
intense CHy hotspots. The figure features a the normalized methane concentration (green), b water vapour
(blue) and c the results of the partition (grey and red indicating original time series and hotspot components
respectively). A comparison with the corresponding CO; time series is featured in the lower panel, where red
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component only in panel ¢). The pdfs of normalized scalar fluctuations are included for comparison. The pdfs
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components
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Fig. 11 For the same run shown in Fig. 10, quadrant plots of vertical velocity fluctuations w’ and scalar
concentration fluctuations ¢’ for the three scalars ¢ = CHy (panel a), HyO (b), and CO; (c). The colour is
proportional to the density of scatter points

some positive CO; spikes are coherent with their CH4 counterparts. It is therefore possible
that the interplay of these different CO, transport mechanisms (negative background flux and
positive short-duration hotspot events) leads to the observed reduction in the overall transport
efficiency for CO, when compared to the reference H,O. These results however are not as
clear as those obtained for CHy, and may represent the combined effect of both release of
bubbles and inhomogeneity in the CO, sinks at the surface (the vegetation is patchy).

6.3 Relation Between Partitioned CH4 Fluxes and Environmental Parameters

How the parameters of the ISR scheme derived above describing CHy hotspots vary with
differing environmental and flow conditions is now discussed. The seasonal variability of
the methane fluxes is reported in Fig. 14a. Figure 14b shows the seasonal variability of the
hotspot fractions of CHy flux (f},), variance (v,’f), and footprint area A™. The clear outliers
occurring around the day 9 July 2013 are characterized by intense CH4 emissions, and by
hotspots dominating the mass transfer mechanism. As an example, we have shown one of
these runs in Fig. 10.

The relation between CHy fluxes and key environmental parameters is now considered. It
is known that variability in water-table depth relative to the peatland surface and changes in
atmospheric pressure impact CHy fluxes (Fig. 15). While overall there is no clear dependence
on either, it is interesting to note that the runs characterized by very high CHy fluxes all occur
for relatively high water-table levels and in decreasing atmospheric pressure conditions.
This picture is consistent with the conditions for which CH4 ebullition is expected to occur
(Mattson and Likens 1990).

We can conjecture that for most of the runs, the mechanisms determining intermittent
fluxes may be variable, and include non-homogeneous terrain, variable microbial activity,
and some ebullition. However, in about 10 cases, the runs are characterized by unusually
intense CHy positive fluctuations that give rise to fluxes an order of magnitude larger than
median seasonal values. For these runs, the evidence analyzed here would suggest ebullition
is the primary cause for these events. This appears to be the case because (i) they all occur for
high water table levels, (ii) they all appear for decreasing atmospheric pressure values, and
(iii) they are accompanied by a similar (albeit weaker) behaviour observed for the CO, time
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Fig. 12 Daily cycles of surface renewal (black stars) and eddy-covariance flux (colored triangles) estimates
for various scalars, for all the runs in our dataset. Note the outliers for CH4 and CO; corresponding to
large fluctuations in the concentration time series (marked in red for surface renewal CHy fluxes larger than
0.004 molm~2s~1)

series, which is consistent with a mixture of the two gases being released at the interface in
the presence of bubbles.

7 Conclusions

An ISR scheme was proposed with the objective of characterizing the interplay and relative
importance of diffusive and intermittent fluxes of methane over boreal peatlands. This model,
while still describing the interfacial mass transport as a function of Schmidt number Sc and
Reynolds number Re,, depends on additional parameters related to the spatial intermittency
of the fluxes (A™) and the relative strength of intermittent and background (i.e., continuous)
scalar sources at the interface (E ™). In the context of CH4 emissions from boreal wetlands, the
intermittent hotspots detected with this framework can be linked either to the occurrence of
ebullition, or to the non-homogeneous distribution of plants and microbial activity. However,
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Fig. 15 Dependence of CH4 flux on a water-table depth relative to the peatland surface, and b atmospheric
pressure tendency (increment in atmospheric pressure computed for the 30-min period corresponding to each
run). The horizontal lines show the average values for the two samples

the analysis of the CHy events characterized by the largest magnitudes, together with relevant
environmental parameters, suggest that the sporadic release of bubbles may be at the origin
of the most intense hotspot events.

Partitioning CHy fluxes with respect to a reference scalar (H,O) suggested that spatial
non-homogeneity of the CH4 source, and in particular hotspots possibly related to ebullition,
may be the primary cause for the observed statistical properties of CH4 concentration traces:
In particular, the skewed and non-Gaussian character of their PDFs, and the larger transport
efficiency er compared to other scalars (e.g., temperature, water vapour). To the contrary,
lower values of e7 are computed for CO, when compared to H>O. This is expected and
indirectly supports the conclusions for CHy. In the case of CO,, the presence of localized
sources (possibly related to sporadic bubble release) lead to a decrease in the overall transport
efficiency for the (downward) CO; flux.

These findings for CH4 and CO; do not imply that the intermittency of the scalar source
(i.e., the presence of hotspot events) must be in phase with sweeps and ejections. Rather, it
appears that ejections are the most efficient mechanism acting to remove CHy-enriched air
parcels from the surface following a localized release of the gas.

The results here suggest that surface renewals, as well as the ISR extension for spatially
inhomogeneous sources, can be complementary to eddy-covariance measurements in quanti-
fying scalar fluxes, and instrumental in detecting contributions to CH4 fluxes from intermittent
sources. This information is practically relevant for the purpose of upscaling point measure-
ments of CHy fluxes performed with the use of gas chambers. Given the limited time and
spatial coverage of such field measurements, the information provided by methods such as
ISR can be relevant for planning and interpreting the results obtained from field campaigns,
now increasing in number and coverage for CHy.
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